Introduction
Plasmodium falciparum malaria remains a major cause of morbidity and mortality, especially among children in sub-Saharan Africa (1) . Repeated infections result in a slow acquisition of clinical immunity, with subsequent episodes typically presenting with milder symptoms and eventually protection against clinical disease (2) . Parasite-specific antibodies play a key role in protection, as demonstrated in previous experiments with passive transfer of immunoglobulin from partially immune adults to children with malaria, who then managed to control their infection (3) . To achieve clinical immunity it appears that a progressively broad and potent antibody response against parasite antigens is required (4, 5) . However, even when such an antibody response is achieved, immunity wanes within a few years in the absence of reexposure (6) , despite the presence of parasite-specific memory B cells (7) .
Memory B cells specific to malaria parasite antigens are elicited at levels comparable to conventional licensed vaccines, such as the diphtheria toxoid vaccine (8) , and can persist for prolonged periods of time in individuals both from endemic areas and in travelers contracting the infection for the first time (7) . The B cell memory compartment can contain potent parasite-inhibiting specificities (4, 9) . However, the presence of malaria-specific memory B cells by itself has not been found to protect the individual from P. falciparum infection or clinical disease (8) . Impaired B cell development and function, associated with an expanded population of atypical B cells, have been proposed to explain the slow and incomplete immunity observed Humoral immunity is important in limiting clinical disease in malaria, yet the longitudinal B cell response to infection remains unclear. We performed a 1-year prospective study in patients treated for acute Plasmodium falciparum malaria for the first time or with previous exposure to the disease. Using an unbiased exploratory approach with mass cytometry, followed by targeted flow cytometry, we found that approximately 80% of mature B cells that proliferated in response to acute infection expressed CD11c. Only approximately 40% of CD11c + B cells displayed an atypical B cell phenotype, with the remaining cells primarily made up of activated and resting memory B cells. The CD11c + B cells expanded rapidly following infection, with previous exposure to malaria resulting in a significantly larger increase compared with individuals with primary infection. This was attributed to an expansion of switched CD11c + B cells that was absent in primary infected individuals. The rate of contraction of the CD11c + B cell compartment was independent of previous exposure to malaria and displayed a slow decay, with a half-life of approximately 300 days. Collectively, these results identify CD11c as a marker of B cells responding to malaria and further highlight differences in primary and secondary B cell responses during infection.
in malaria (10, 11) . However, few studies have evaluated the effect of a single episode of malaria on the long-term dynamics of atypical B cell responses in humans, especially in the context of de novo infection versus infection of individuals with previous exposure to the disease.
Although the mechanisms behind atypical B cell generation remain unclear, recent studies in humans (12) and mice (13) suggest that the strong skewing of the malaria-specific immune response toward a T helper type 1 (Th1) profile could have negative effects on the reactivation, development, and expansion of long-lived B cell responses in malaria. The extensive induction of Th1 responses following infection is associated with an increase in proliferation of primarily an atypical subpopulation of memory B cells devoid of the classical surface markers CD21 and CD27 (14, 15) . These atypical cells display an RNA expression profile (11, 15) and surface marker profile (16) (17) (18) , which diverges from that of both resting memory and naive B cells. They have also typically been shown to express high levels of the surface markers FcRL5 and CD11c (11, 16, 18) .
The unique phenotype of atypical B cells suggests that their function could differ from that of conventional B cell responses. In addition, the atypical B cells are enriched for self-reactive B cell clones (19) ; however, it remains unclear if they contribute to the circulating antibody pool, as they display reduced responsiveness to restimulation with B cell receptor (BCR) and T helper signals in vitro (11, 18) . In mice, a phenotypically similar B cell subset, expressing CD11c, was shown to have potent antigen-presenting functions (20) . They were also involved in autoantibody-mediated destruction of red blood cells in a mouse model of malaria (21) , indicating that these cells could have important functions during infection.
Atypical B cell numbers are elevated in individuals living in malaria-endemic areas (16, (22) (23) (24) and expand with recurrent parasite exposure (5) . Accumulation of cells with a similar CD21 −
CD27
− phenotype and transcriptional profile have also been observed in individuals with chronic viral infections, such as HIV, bacterial infections, such as tuberculosis, as well as autoimmune disorders and primary immunodeficiencies (18, (25) (26) (27) (28) (29) (30) (31) (32) . Altogether, these studies suggest that atypical B cells are formed or accumulate in circulation as a response to prolonged infection and/or inflammation. However, the elicitation and dynamic regulation of these cells following acute infection remains to be fully understood.
In this study, our aim was to explore the B cell profiles and dynamics after a single episode of P. falciparum malaria. We evaluated the immune responses in malaria-infected travelers that returned to an area free of malaria, which enabled us to investigate the immune response longitudinally in the absence of parasite reexposure. Moreover, we compared the B cell dynamics in individuals with a primary infection with those with previous exposure to parasites. Using an unbiased exploratory approach with mass cytometry, followed by targeted flow cytometry, we found that CD11c was a selective marker for B cells that responded to the infection. Contrary to our expectations, CD11c was not only expressed by CD21 -CD27 -atypical B cells, but also by several other B cell subsets. Our analysis revealed that these cells were enriched for P. falciparum-specific B cell clones and that they contained both switched and unswitched B cells. The expansion of switched, but not unswitched, B cells was determined by previous parasite exposure, indicating a clear role for memory in driving the expansion of switched CD11c + B cells. Collectively, this study demonstrates the contribution of de novo and memory B cell responses to malaria and highlights the dynamic expression of several important markers in different B cell subsets.
Results
Previous exposure to malaria leads to enhanced parasite-specific antibody production upon infection. Here, we studied 51 individuals infected with P. falciparum malaria, who were followed prospectively with repeated sampling over 1 year (Figure 1 ). Seventeen individuals experienced their first episode of malaria, whereas 34 individuals had a previous history of repeated malaria exposure and, thus, experienced a recall response, with subsequent activation of malaria-specific memory responses. Peripheral blood mononuclear cells (PBMCs) were not isolated from 2 individuals, which explains the different number of included individuals in serological and flow cytometric assays ( Figure 1) . We defined the groups as "primary infected" and "previously exposed," respectively. In addition, 14 healthy individuals who reported that they had never traveled to malaria-endemic regions were sampled at 1 time point and included as a control group to indicate baseline levels of investigated cell populations. Importantly, none of the study participants had travelled to a country with endemic malaria during the 1-year follow-up. This study set-up allowed us to perform what we believe to be a unique and well-controlled study to dissect the dynamics of both primary and secondary immune responses to malaria without the risk of reexposure as a confounding factor. Overall, the general clinical characteristics of the acute response to the malaria episode were similar between the groups (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.126492DS1). Following infection, both groups experienced a temporary reduction in circulating lymphocytes, while the levels of neutrophils and monocytes increased. As expected, white blood cell counts returned to normal values within 30 days after diagnosis and treatment (Supplemental Figure 1) .
As an indication of previous malaria exposure, we asked how many years were spent in a malaria-endemic area and how long ago since the individual moved away from the endemic area. The median time living in an endemic area was 26 years (range 15-39 years, n = 34), with a median time of 12 years (range 0-46 years, n = 34) since the individual left (Supplemental Table 1 ). To determine if previous exposure to malaria generated B cell memory, we assessed schizont-specific IgG following infection ( Figure 2 ). Consistent with a B cell memory response, we observed a more extensive schizont-specific IgG response in previously exposed individuals compared with those infected for the first time (5.5-fold difference, 95% CI: 2.2-13.5, P = 0.0005). These data corroborated our grouping of individuals based on previous exposure to malaria. The antibody responses in these individuals were further evaluated for a panel of merozoite antigens previously, indicating a broader and more long-lived response in previously exposed individuals compared with those with primary infection (33) . The magnitude of the schizont-specific antibody response was not correlated with the time spent in or since leaving a malaria-endemic area (r 2 = -0.04, P = 0.95 and r 2 = 0.10, P = 0.051, respectively). There was, however, an effect of the time since symptom onset on early schizont-specific IgG antibody levels, but only in primary infected individuals (r 2 = 0.56, P = 0.0032), explaining the high titers at the acute time point in some primary infected individuals (Figure 2A) .
Phenotyping of the B cell compartment by mass cytometry. We used mass cytometry to characterize the phenotype of B cells in circulation during primary or secondary immune responses following P. falciparum infection. The main aim was to find markers of interest that could be used in a flow cytometry panel to identify key B cell populations affected by malaria. We assessed the expression pattern of 23 cell markers (Supplemental Table 2 ) in PBMCs longitudinally sampled over 1 year in 2 previously exposed and 2 primary infected individuals and 3 healthy controls sampled at 1 time point. The included individuals were randomly chosen, with the rationale that important cell populations should be present in all infected individuals. To enable an unbiased analysis of mass cytometry data, we selected CD45
+ B cells and then used t-stochastic neighbor embedding (tSNE) to reduce dimensionality, followed by a graph-based clustering analysis ( Figure 3A ) (34) . The data analysis resulted in the identification of 10 B cell clusters ( Figure 3B ), following exclusion of cells expressing the non-B cell markers CD11b, CD16, CD14, and CD3 or representing <0.5% of analyzed cells (Supplemental Figure 2) . The B cell clusters were further assessed for their contribution to the CD19 + B cell pool ( Figure 3C ) and analyzed for marker expression to determine the cell phenotype ( Figure 3D) . Naive B cells, defined as CD21 + CD27 − IgD + , were found in cluster 10, which was the largest cell cluster, corresponding to 31% of B cells. Memory B cells, defined as CD21 + CD24 + CD27 + , constituted 3 clusters (clusters 3, 8, and 11). These clusters were further defined by BCR isotype ( Figure 3D ). The study cohort consisted of 3 groups, with individuals that had lived in malaria-endemic areas from child-hood (previously exposed, n = 34), that were infected for the first time (primary infected, n = 17), and healthy individuals with no history of travel to malaria-endemic areas (healthy controls, n = 14). Individuals with malaria were sampled for peripheral blood at the acute infection and at 10 days and 1, 3, 6, and 12 months after acute infection. (B) Country of origin of previously exposed (red) and primary infected (blue) individuals. All healthy controls had Swedish origin. (C) The number of donors and samples from previously exposed (red), primary infected (blue), and healthy controls (black) used with each method.
Cluster 11 displayed lower expression of CD27 compared with clusters 3 and 8. Closer examination at the single-cell level revealed that the majority of cells were negative for CD27 expression ( Figure 3E ). Considering the lack of expression of IgD, IgM, and IgA, these cells likely represent a switched CD27 lo memory B cell subset. Such memory B cells have been identified previously (35) and show similar BCR characteristics to CD27 + memory B cells (36) . Cluster 19, which contributed 18.7% of the cells expressed IgM and IgD, but lacked expression of CD21 and CD27. This cluster may represent transitional B cells but also demonstrated low expression of CD24 and CD38, which contrasts with previously published data on transitional B cells (37) . Hence, further analysis is required to fully understand the composition of this cluster. Clusters 16, 17, and 21 were characterized by high expression of CD11c. Clusters 16 and 17 were further defined by lack of CD21 and CD27, likely representing atypical B cells, while cluster 21 expressed detectable levels of CD27. Further investigation of CD27 expression within this cluster at the single-cell level showed that cluster 21 was composed of a mix of CD27 + activated memory B cells and CD27
-atypical B cells ( Figure 3E ). Interestingly, among CD11c + B cells, it was primarily cluster 21 that had increased in previously exposed individuals compared with primary infected individuals and healthy controls ( Figure 3C ). Cluster 17 was further defined by high expression of IgD, while cluster 16 was negative for IgD, IgM, and IgA and, most likely, represented IgG-switched cells. Plasmablasts, defined as B cells with low expression of CD20 and high expression of CD38, were composed of 2 clusters (clusters 14 and 15) that could be separated by variable expression of CD27 ( Figure 3D ).
We analyzed the contribution of these cell populations to the total B cell compartment at each sample time point during and after the acute malaria episode and compared with samples from healthy controls (n = 3) ( Figure 3F ). Naive and memory B cell frequencies were similar to healthy controls at the acute time point, while plasmablasts and CD11c + B cells had expanded in most donors. Naive B cells seemed to increase in individuals with primary infection, while memory frequencies increased over time in both groups. As expected, the plasmablast expansion was transient and had returned to baseline frequency already 10 days after the acute infection. In contrast CD11c + B cells remained in circulation for more than 3 months in previously exposed individuals, potentially indicating a differential regulation of this compartment in response to malaria.
Effect of previous malaria exposure on B cell dynamics. Following the identification of markers associated with differential B cell regulation between the groups by mass cytometry, we expanded the analysis to include samples from 63 individuals (primary infection: n = 16; previously exposed: n = 33; healthy controls: n = 14) (total n = 189 samples) using selected markers in flow cytometry. Longitudinal B cell dynamics following malaria were evaluated from isolated PBMCs using a 13-color flow cytometry panel optimized for evaluation of B cell subsets and including CD11c in addition to other markers associated with B cell differentiation (Supplemental Table 3 ). Cells were first gated for lymphocytes by forward and side scatter followed by singlets and live cells (Supplemental Figure 3) . B cells were thereafter gated either as CD19 + CD20
+ cells followed by CD10 to distinguish mature (CD10 Geometric mean relative antibody titers ± 95% CI grouped as individuals with a primary infection (blue circles, n = 17) or with previous exposure (red boxes, n = 33). All antibody titers are log transformed. Differences between the groups were evaluated by a linear mixed-effects model with restricted maximum likelihood followed by an LS means Student's t test for specific comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001. study follow-up (Supplemental Figure 1; 1.0-fold difference, 95% CI: 0.7-1.5, P = 0.91), changes in cell frequencies could be compared directly. However, for completion, all data were also normalized to total lymphocyte numbers (Supplemental Figure 4) . As expected, both approaches produced similar results.
Plasmablast frequencies, normalized to total B cell numbers, were expanded in both malaria-infected groups compared with healthy controls at the time of acute infection (primary infected: 11.1-fold increase, 95% CI: 4.2-30.1, P < 0.0001 and previously exposed: 8.3-fold increase, 95% CI: 3.5-19.9, ) were elevated for both individuals with primary infection and previously exposed individuals compared with healthy controls at the acute time point (2.2-fold increase, 95% CI: 1.2-3.7, P = 0.0042 and 2.3-fold increase, 95% CI: 1.4-3.7, P = 0.0004, respectively) ( Figure 4D ). The activated memory B cell frequencies remained elevated until 3 months after acute infection in individuals with primary infection, while it took 12 months before the previously exposed group reached similar levels as in healthy controls. The majority of the effect came from the activated memory B cells expanding significantly more at 10 days after acute infection in the previously exposed group compared with primary infected individuals (1.7-fold increase, 95% CI: 1.1-2.5, P = 0.0064). Both groups displayed a similar activated memory B cell decay rate, with a relatively long calculated half-life of 310 days (95% CI: 259-387).
Resting memory B cells (CD21 + CD27 + ) increased in overall cell frequency and numbers over time following infection ( Figure 4E and Supplemental Figure 4D ). These changes were not significantly different between the infected groups, although individuals with a primary infection displayed a more pronounced increase in the frequency of resting memory B cells compared with previously exposed individuals at 1 month after acute infection ( Figure 4E ). Naive B cell and CD27 lo memory B cell (CD21 + CD27 − ) frequencies were highly variable within infected groups and healthy controls. However, the average frequencies were similar over time, with the exception of a temporary increase in primary infected individuals and decrease in previously exposed individuals, at 10 days after acute infection (1.2-fold difference, 95% CI: 1.0-1.4, P = 0.035) ( Figure 4F ).
Atypical B cells (CD21   −   CD27   − ) rapidly expanded, both in individuals with a primary infection and in those with previous exposure at the acute time point compared with healthy controls (2.8-fold increase, 95% CI: 1.6-4.9, P = 0.0002 and 3.9-fold increase, 95% CI: 2.3-6.4, P < 0.0001, respectively) ( Figure 4G ). The atypical B cell frequencies then continued to increase and reached peak values at day 10, where the previously exposed group displayed a significantly higher frequency compared with individuals with primary infection (1.6-fold higher, 95% CI: 1.1-2.5, P = 0.02). After reaching peak levels, the atypical B cell compartment contracted slowly at a similar rate in both groups ( Figure 4G ). Primary infected individuals, with overall lower numbers of atypical B cells, reached background levels within 6 months after infection; whereas previously exposed individuals maintained a higher frequency at 12 months compared with controls. This was consistent with the overall levels of atypical B cells being higher in the previously exposed group (1.5-fold higher, 95% CI: 1.1-2.1, P = 0.012). The half-life for the atypical B cell compartment was estimated to 295 days (95% CI: 249-364), suggesting that the cells were regulated similarly once generated and that they could be sustained for an extended period of time.
The mass cytometry data indicated that both activated memory B cells and atypical B cells expressed CD11c. We therefore assessed the kinetics of CD11c + B cells following infection in both cohorts. Both malaria-infected groups displayed similar CD11c + B cell dynamics as observed for activated memory and atypical B cells, which also resulted in a similar half-life estimate of 342 days (95% CI: 279-442) ( Figure 4H ). The frequency of CD11c + B cells was also highly correlated with the frequency of CD21 lo B cells (r 2 = 0.82, P < 0.0001), indicating that CD11c was expressed by CD21 lo activated memory and atypical B cells ( Figure 4I ). To assess to what extent expression of CD11c could represent recently activated cells, we measured the intracellular proliferation marker Ki67 in mature B cells from 26 individuals (10 primary infected and 16 previously exposed) at the acute time point. We found that 78% of Ki67 + mature B cells also expressed CD11c ( Figure  4J ), strongly supporting expression of CD11c as a marker of recently activated B cells during malaria. There was no difference between the primary infected and previously exposed groups (P = 0.18, Mann-Whitney test), indicating a similar upregulation of CD11c in responding cells of both groups at the acute time point.
CD11c + B cells are composed of several B cells subsets. Since CD11c + B cells expanded differently depending on previous exposure to malaria parasites, we wanted to further understand the composition of this compartment and determine if there were qualitative changes over time following infection. To do this, we first gated on CD19 + CD20 + CD10 − mature B cells followed by CD11c. We then compared the expression of CD21 versus CD27 to measure the frequency of CD11c + cells expressing a naive (CD21 + CD27 − ), resting memory (CD21 + CD27 + ), activated memory (CD21 − CD27 + ), and atypical (CD21 − CD27 − ) B cell phenotype at each time point ( Figure 5A ). Interestingly, we found that CD11c was expressed by several B cell subsets, with atypical B cells and resting memory B cells constituting the majority of cells ( Figure 5B) . Overall, the frequency of the cell populations was very similar between the groups. However, the distribution of B cell subsets within the CD11c + compartment was highly dynamic, with a rapid expansion of activated and atypical B cells coinciding with a reduction in the frequency of resting memory B cells ( Figure 5B ). To understand if the dynamic pattern was due to an expansion or contraction of specific cell subsets, we normalized cell numbers to gated live lymphocytes for each donor ( Figure 5C ). Previously exposed individuals had a larger number of cells within each B cell subset, consistent with them having overall more CD11c + B cells. However, we only observed a clear expansion in atypical and activated memory B cell subsets, indicating that the remodeling within the CD11c + B cell compartment was primarily due to expansion of cells, rather than a redistribution.
Selective expansion of switched CD11c
+ B cells in previously exposed individuals followed P. falciparum infection. To further investigate the effect of de novo versus memory responses, we separated CD11c + B cells based on expression of IgD. In the mass cytometry experiment, we found that individuals with primary infection (n = 2) had more IgD + CD11c + cells compared with previously exposed individuals (n = 2) (Figure 6A) . To confirm this observation in the full sample cohort (n = 49), we also measured the frequency of CD11c + IgD + B cells by flow cytometry ( Figure 6B ). In support of the mass cytometry data, we found that the overall frequency of CD11c + IgD + B cells was significantly higher for individuals with a primary infection compared with those with previous malaria exposure (1.4-fold increase, 95% CI: 1.1-1.8, P = 0.0049). We then separated the individual CD11c + B cell subsets based on IgD expression and normalized to gated live lymphocytes ( Figure 6C ). The numbers and dynamics of IgD + B cells in each subset were highly similar between primary infected and previously exposed individuals (group comparisons, P > 0.05), suggesting that these cells likely represented de novo responses in both groups ( Figure 6D ). All IgD + B cell subsets displayed a dynamic response, characterized by an extensive expansion at 10 days after the acute time point, followed by contraction of the compartments (time effect, P < 0.05). In contrast, the number of IgD − B cells was significantly higher in all CD11c + B cell subsets in previously exposed individuals (group comparison, P < 0.05) ( Figure 6E ). However, only atypical and activated memory B cells showed a dynamic response to the infection (time effect, P < 0.05), suggesting that these B cell subsets were generated from reactivated memory B cells.
Differential marker expression over time in CD11c + B cells. To further assess the phenotype of CD11c + B cells, we compared the expression profile of CD11c + and CD11c − B cells to CD20, CD19, CD21, CD85j, CXCR3, and FcRL5 ( Figure 7A ). CD11c + B cells expressed higher levels of CD19, CD20, CD85j, CXCR3, and FcRL5 (ratio > 1) and lower levels of CD21 (ratio < 1) compared with CD11c − B cells (Figure 7B ). FcRL5 and CXCR3 were highly expressed by CD11c + B cells; however, not all cells expressed Statistical differences between groups were assessed using a linear mixed-effects model, with the P value indicated in the graphs. Primary infected individuals are indicated by blue circles (n = 16), and previously exposed individuals by red boxes (n = 33). Symbols indicate geometric mean with error bars showing ± 95% CI.
the markers ( Figure 7A ). To determine if this was due to dynamic expression over time, or attributed to differences between the groups, we measured the frequency of CD11c + B cells that also expressed FcRL5 and CXCR3 over time. We found that FcRL5 was expressed in approximately 70% of CD11c + B cells at the time of acute infection ( Figure 7C ). The proportion of FcRL5 + cells then decreased slightly over time to reach approximately 50% at 12 months after infection, remaining slightly above the frequency found in CD11c + B cells of healthy controls. To assess if the decline was due to a redistribution of CD11c + B cell subsets, we separated the cells based on expression of CD21 and CD27 as before. We found that FcRL5 was expressed in almost all CD21 -CD27 + activated memory B cells and CD21 -CD27 -atypical B cells ( Figure 7D ). However, in CD21 + CD27 + resting memory B cells and CD21 + CD27 -naive/CD27 lo memory cells, the expression of FcRL5 was only temporary and rapidly contracted following 10 days after acute infection ( Figure 7D ). CXCR3 was slower to be expressed and peaked at approximately 60% of CD11c + B cells at 10 days to 1 month after acute infection ( Figure 7E ). The frequencies then slightly declined over 3 months after infection, after which the levels remained stable. In contrast to FcRL5, + B cell subsets. Statistical differences between groups (B, D, and E) and in the B cell subset dynamics over time (D and E) were assessed using a linear mixed-effects model and are indicated within and underneath the graphs by group and time, respectively. The same color scheme and donor numbers (n) are used throughout the figure (B, D, and E) , with primary infected individuals indicated by blue circles/text (n = 16) and previously exposed individuals by red boxes/text (n = 33). Lines indicate geometric mean ± 95% CI.
CXCR3 displayed a similar kinetics in all CD11c
+ B cells subsets, although the frequency of cells expressing the marker varied considerably ( Figure 7F) T-bet is suggested as a key driver in the formation of atypical B cells in mice (38) and humans (15) . To assess the expression of T-bet among CD11 + B cells, we measured intracellular T-bet by flow cytometry at the time of acute infection in a subset of patients (primary infected, n = 10; previously exposed, n = 16). Among mature B cells, we found that T-bet was expressed in 33% of CD11c + B cells, while only 1.1% of CD11c − B cells expressed T-bet (P < 0.0001, n = 26) (Supplemental Figure 5A) . Furthermore, among CD11c + B cells, T-bet was primarily expressed in cells with high levels of CD11c and low levels of CD21 with variable levels of CD27 (Supplemental Figure 5B) , indicating that high expression of T-bet is associated with atypical B cells and activated memory B cells. T-bet − CD11c
+ B cells primarily expressed CD27, suggesting an enrichment for activated and resting memory B cells.
CD11c + B cells are enriched for P. falciparum-specific B cell clones. As CD11c was expressed in B cells expanding during malaria, we wanted to evaluate if the responding cells were specific for P. falciparum-specific B cell clones. We sorted switched CD11c + and CD11c − B cells at 2 cells per well into 384-well culture plates supplemented with IL-2, IL-21, and feeder cells expressing CD40 ligand. The B cells were sorted from 3 previously exposed donors (n = 4606 wells) at 10 days after acute infection and 2 healthy controls (n = 1000 wells) ( Table 1 and Supplemental Figure 6 ). Following 2 weeks of incubation, we assessed IgG production by ELISA. CD11c + B cells differentiated to antibody-secreting cells at a slightly lower rate compared with CD11c − B cells (Table 1 and Supplemental Figure 6 ), a finding that can be potentially attributed to a larger contribution from atypical B cells among CD11c + cells. To further determine if the produced antibodies were malaria specific, IgG from high producing wells (OD > 0.2-0.3 in IgG ELISA) were screened for binding to plasmodum falciparum schizont extract (3D7 strain). Among 509 CD11c + wells, 41 wells were schizont specific, corresponding to 8.1% of the responding wells. In comparison, among 566 CD11c − wells, 15 were schizont specific, corresponding to 2.7% of the responding wells (Table 1) . Thus, schizont-specific B cell clones were significantly enriched in CD11c + B cells compared with CD11c -B cells (3-fold, range 2.2-4.4-fold, P < 0.0001, Fisher's exact test). Since atypical B cells are known to also be enriched for self-reactive or polyreactive B cell clones (19) and constitute a large portion of the CD11c + B cells, it is possible that antibodies from these cells could bind nonspecifically to schizont extracts. To determine if this was the case, we screened 500 CD11c + wells from 2 healthy controls for binding to schizont extracts. From 174 out of 500 wells, producing high levels of IgG, none showed binding to schizont extract, clearly indicating that binding to schizonts was not due to polyreactivity, but rather indicative of parasite-specific B cell clones.
Discussion
In this study, the primary and secondary B cell response to infection with P. falciparum malaria was investigated in a cohort of travelers followed over 1 year after infection. We believe this study enables a robust characterization of B cell dynamics and the contribution of memory to the B cell response after natural infection with P. falciparum in the absence of parasite reexposure. Our results revealed a strong activation of the B cell compartment associated with an expanded population of B cells with high expression of CD11c and low expression of CD21. This expansion was also significantly stronger in individuals with previous P. falciparum exposure, compared with those with a primary infection, suggesting activation of preexisting parasite-specific memory B cells in previously exposed individuals. This was corroborated by an abundant production of parasite-specific antibodies in the group with previous exposure.
We found that approximately 80% of all mature B cells that proliferated in response to acute infection also expressed CD11c. To determine if this was due to polyclonal activation of the B cell compartment, as has been described to occur during malaria (39) , or an antigen-specific response, we assessed the binding specificity of B cells with or without surface expression of CD11c. However, the P. falciparum genome contains >5000 genes (40) . It is therefore difficult to accurately assess the complete parasite-specific B cell repertoire. Schizont extract consists of lysed red blood cells infected with whole parasites, which present many of the available blood-stage antigens. By screening with schizont extract, we could therefore sample a wider B cell repertoire compared with the use of single purified antigens. We found that 8.1% of CD11c + B cells were specific for P. falciparum schizonts in previously exposed individuals, corresponding to a 2-to 4-fold enrichment compared with CD11c -B cells. This supports CD11c as a selective marker for B cells responding to parasites during an episode of malaria.
The CD11c + B cells were significantly expanded in infected individuals compared with healthy controls at the acute infection, indicating that these cells were rapidly generated following infection. The cells expanded further until 10 days after acute infection, where after they started to contract. The contraction was similar between the groups, with a half-life estimate of approximately 300 days. This suggests that, once generated, the cells were regulated similarly, independent of origin.
To assess the B cell subsets making up the CD11c + B cell compartment further, we separated the cells based on expression of CD21 and CD27. Interestingly, we found that both atypical B cells and resting memory B cells each contributed approximately 30%-40% of the CD11c + compartment, indicating that CD11c expression is not limited to atypical B cells, but rather a marker for peripheral B cell subsets responding during malaria. We also found that the B cell subset distribution was highly dynamic over time, indicating an active remodeling of the CD11c + compartment in response to the infection. Both infected cohorts dis- played a similar expansion of unswitched cells, suggesting that this corresponded to a de novo response. In contrast, the expansion of switched cells was only observed in previously exposed individuals, suggesting that these cells were derived from preexisting antigen-specific memory B cells.
These results are consistent with clonal lineage analysis of B cells, which has demonstrated that atypical B cell BCR characteristics and replication history closely resemble that of resting memory B cells in both mice (41) and humans (11, 42 
CD27
-atypical B cells, indicating a potential relationship (43) . Both naive and memory B cells were shown to express T-bet, associated with CD11c expression, in vitro when stimulated with recombinant IFN-γ and anti-Ig (15). As P. falciparum infection is known to induce a strong IFN-γ response (44) , this could explain how mature B cells, including resting memory and naive cells, also upregulate CD11c. That both naive and memory B cells can be made to express T-bet in vitro is interesting, as up to half of the atypical B cells express an unswitched BCR in malaria-endemic areas (11, 18) . This suggests that recently activated unswitched B cells could favor differentiation to atypical B cells. Obeng-Adjei et al. further showed that stimulation of light-zone GC B cells with recombinant IFN-γ and BCR ligation would lead to upregulation of T-bet in vitro (15) . This is consistent with the findings of Lau et al., which propose that CD21 -
+ activated memory B cells, which we here show express CD11c and are strongly expanded in peripheral blood during P. falciparum infection, correspond to cells that recently emigrated from the GC (45) .
It is unclear if direct differentiation between CD11c + B cell subsets occurs in peripheral blood, as naive and memory B cell activation and differentiation generally occur in secondary lymphoid organs (46) . CD11c + B cells presenting with reduced BCR responsiveness and high expression of CD20 and CD95 and low expression of CD21 can be found in tonsils of healthy individuals (47, 48) . However, few of these cells enter peripheral blood during steady state, suggesting that malaria somehow perturbs the normal regulation of these cells. It will be important to elucidate this dysregulation, but also to further determine the origin and regulation of the peripheral CD11c + B cell subsets, to fully understand the effect of malaria on the immune response.
Here, we investigated B cell responses in a potentially unique study cohort following natural infection with P. falciparum over time. Using an explorative approach with mass cytometry, followed by targeted flow cytometry, we could clearly demonstrate that CD11c constitutes a selective marker for B cells that respond to P. falciparum infection. We could also show that CD11c was upregulated by several B cell subsets upon infection. It will be important to further study the role and regulation of these subsets during infection. By characterizing the CD11c + B cells longitudinally, we found that primary infected and previously exposed individuals displayed a similar expansion of unswitched CD11c + B cells, indicating a de novo response to the infection. In contrast, individuals with previous P. falciparum exposure had an increased expansion of switched CD11c + atypical and activated memory B cells, absent during primary infection. We could also show that the CD11c + B cell compartment had a long half-life, which could explain how high levels of atypical B cells can be maintained in individuals living in malaria-endemic areas. Taken together, our data offer an improved understanding of how primary and secondary malaria-specific B cell responses expand and contract following acute malaria. These findings can contribute in the design and interpretation of future studies aiming to develop B cell-specific intervention strategies against malaria. 
Methods
Study design. A prospective study enrolling adult patients diagnosed with P. falciparum malaria was performed at Karolinska University Hospital in Stockholm, Sweden, from 2011 to 2017. Fifty-one adult patients treated for P. falciparum infection and fourteen healthy controls were included. Study participants were grouped according to previous malaria exposure and origin. This enabled comparison of immune responses in malaria-naive individuals of primarily Swedish origin, who contracted malaria for the first time (n = 17, called primary infected), with individuals originating from malaria-endemic areas in Sub-Saharan Africa (n = 34, called previously exposed). Clinical data were extracted from medical records, and a questionnaire relating to the participant health status, previous traveling, and malaria exposure was filled in by all participants. Sampling scheme. Patients were invited for sampling at the time of malaria diagnosis and then at 10 days, 1 month, 3 months, 6 months, and 12 months (Figure 1 and Supplemental Figure 7) . Fourteen healthy volunteers who never travelled to malaria-endemic areas were recruited as controls and sampled at 1 time point. On each sampling occasion, 36 ml venous blood was collected using sodium heparin or EDTA tubes. PBMCs were isolated using Ficoll-Paque density gradient separation, resuspended in 90% fetal calf serum supplemented with 10% DMSO, and stored at −150°C. In addition to isolation and freezing of PBMCs at each follow-up, samples were also collected for antibody analysis (serum or plasma), blood chemistry and microscopy, and PCR and blood smears for detection of malaria parasites. Part of the cohort has been described previously for telomere dynamics (49) and parasite prevalence after treatment (50) . For some time points and study participants, only plasma or cells were available, explaining the different (n) included in the analysis. No samples were excluded if data were available.
Detection of P. falciparum parasites. Parasites were detected and enumerated by light microscopy of Fields stained thick and thin blood smears at the Department of Clinical Microbiology at Karolinska University Hospital in addition to PCR as described previously (51) .
Leukocyte phenotyping. White blood cell differential counts were performed using the Sysmex XS-1000i platform, Sysmex Corporation, at the Department of Clinical Chemistry at Karolinska University Hospital.
Mass cytometry (CyTOF) . Phenotypic analysis of B cells via mass cytometry was performed on sample series from 4 infected individuals. Two previously exposed individuals (n = 11 samples), two primary infected individuals (n = 10 samples), and two controls (n = 3 samples) were included (see Figure 2) . Approximately 2 million PBMCs were thawed from each sample, stained, and subsequently analyzed by CyTOF (Fluidigm Inc.) using a predefined 29-marker panel targeting predominantly B cell-associated cell surface molecules (Supplemental Table 2 ). Samples were prepared as described in the Supplemental Methods. Briefly, cells were thawed, washed, and rested overnight at 37°C with 5% CO 2 before staining with the viability marker cisplatin, followed by surface markers and intracellular staining for Ki-67 on day 2. On day 3, a DNA stain was added and the samples analyzed by CyTOF.
Analysis of mass cytometry data. The resulting data files were gated for live CD45 + CD3 − CD19 + B cells using FlowJo X version 10.4.2 Exported B cells were then analyzed using the Cytofkit version 1.12.0, which includes an integrated pipeline for mass cytometry analysis (52) . Prior to analysis, all samples were normalized to equal cell numbers. We then used tSNE to reduce dimensionality of the data followed by Phenograph for clustering of the data into subpopulations. The resulting subpopulations were further analyzed for specific marker expression and frequency at the different time points after infection and in each individual.
Flow cytometry. Frozen PBMCs were thawed in a 37°C water bath and mixed with 1 equal volume cold Iscove's Modified Dulbecco's Medium supplemented with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), and 10 % heat-inactivated fetal bovine serum (all from Thermo Fischer Scientific). Cells were then rested 20 minutes on ice before being washed twice in DPBS lacking magnesium or calcium. After washing, the cells were incubated with Aqua Live/Dead stain (Thermo Fisher Scientific) for 20 minutes followed by further washing in DPBS supplemented with 2% FBS. The cells were then incubated for 20 minutes on ice, in 2 steps with 2 washes in between, using an antibody mix targeting primarily B cell surface antigens (Supplemental Table 3 ). After staining, the cells were washed twice in DPBS with 2% FBS before acquisition on a 5-laser BD LSRFortessa flow cytometer. Gating was done with FlowJo X software version 10.4.2, with the gating strategy shown in Supplemental Figure 3 .
For intracellular staining of T-bet and Ki67, the cells were first stained for surface makers as described above. The cells were then fixed and permeabilized using the FoxP3 buffer staining kit for 30 minutes at room temperature (Thermo Fisher Scientific). After washing, the cells were stained with the antibodies for 30 minutes at room temperature followed by washing and acquisition.
Low-density B cell culture. The B cell culture assay was performed as described previously (53) , with some modifications. Briefly, PBMCs were thawed and stained with markers enabling sorting of IgGswitched CD11c + and CD11c − B cells (see Supplemental Table 4 for markers). The same staining protocol as described in the Flow cytometry section was used. Cells were sorted on a 5-laser BD Influx at a density of 2 cells per well into a 384-well plate containing 50 μl glutamax minimal essential media supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM glutamine (all from Thermo Fisher Scientific). Each well further contained 10 ng/ml IL-2 and 10 ng/ml IL-21 (both from Peprotech) and 5,000 3T3-msCD40L feeder cells (provided by John Mascola and Nicole DoriaRose of Vaccine Research Center, NIH, Bethesda, MD, USA) that were previously irradiated with 50 Gy. Following sorting the plates were placed at 37°C supplemented with 5% CO 2 and incubated for 10-16 days.
Screening of B cell cultures. B cell culture supernatants were screened for total IgG production by ELISA. Nunc 384-well plates were coated with 1 μg/ml goat anti-human IgG/IgM polyclonal antibody (Jackson Immunoresearch) followed by blocking with 1% bovine serum albumin (BSA, MilliporeSigma) in PBS. Five μl culture supernatant was then added to wells containing 20 μl PBS with 0.1% BSA followed by detection with goat anti-human IgG (Jackson Immunoresearch) conjugated to HRP diluted 1:10,000 in PBS with 0.1% BSA. The signal was developed with 3,3′,5,5′-Tetramethylbenzidine (TMB) and stopped with 1 M H 2 SO 4 . OD was read at 450 nm using a Victor Wallac 1420 (Perkin Elmer).
Screening for malaria-specific IgG was done as for total IgG, with the difference that 384-well ELISA plates were coated with schizont extract (3D7 clone) at a concentration of 2 μg/ml instead.
Schizont IgG ELISA. Malaria-specific IgG antibodies were measured in plasma using a schizont extract ELISA according to a previously described protocol (54) . Briefly, Nunc MaxiSorp flat-bottom plates (Nunc) were coated with P. falciparum schizont extract (3D7 clone, provided by Mats Wahlgren, Karolinska Institutet, Stockholm, Sweden) at a concentration of 2 μg/ml. Plasma samples were analyzed at 1:1000 dilution. Bound malaria-specific IgG was detected by HRP-conjugated rabbit anti-human IgG (Dako). Plates were developed using o-phenylenediamine dihydrochloride, and ODs were read at 492 nm using a Vmx Kinetic microplate reader (Molecular Devices).
B cell subset half-life calculation. Linear mixed-effects models were used to examine the rate of contraction within the CD21 − CD27
+ activated memory, the CD21 − CD27 − atypical, and the CD11c + compartments after infection. For the purpose of this analysis, the data set was curated to only include data from the contraction phase of the response. The models were fitted individually to log e -transformed data on cell frequencies for each cell subset, allowing for both an individual initial cell number (random intercept) and rate of contraction (random slope). The estimated average rate of contraction within each of the compartments was expressed as the compartment half-life (calculated as log e (2)/slope). There was no significant difference in the rate of contraction between the 2 exposure groups (ΔAIC > 10 for alternative model including interaction between prior exposure and time).
Statistics. Statistical analyses were performed using SAS JMP (version 14.0.0), GraphPad Prism (version 6) and R (version 3.4.1). Prior to analysis data were log e transformed. All statistical tests were 2 tailed. A P value < 0.05 was considered significant. Comparisons between controls and infected individuals at selected time points were done using ANOVA followed by Tukey's HSD test, which controls for repeated measures. Comparisons between groups were presented as fold difference with a 95% CI. Comparisons of variables within the same individual were evaluated using Wilcoxon's matched pairs test and between infected individuals with the Mann-Whitney U test. Overall differences in group dynamics were evaluated using a linear mixed-effects model with restricted maximum likelihood. Time and exposure status, as categorical values, were included as fixed effects. The individual donor ID was included as a random effect nested with "exposure status." Age and sex were initially included in the model but were not found to improve the model AIC and were therefore excluded. Following model evaluation, specific comparisons between previously exposed or primary infected individuals were done with a least squares mean differences Student's t test. Comparisons were presented as fold difference with a 95% CI.
Study approval. Written informed consent was obtained from all participants. The study was approved by the Regional Ethical Committee in Stockholm.
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